Ruptured and eroded atherosclerotic plaques with thrombosis are critical pathological processes of coronary atherosclerotic disease, which is responsible for ischemic sudden death and acute coronary syndrome (ACS) (Virmani et al. 2000; Naghavi et al. 2003a; Naghavi et al. 2003b) . Although eroded plaque is less common than ruptured plaque, eroded plaque with thrombosis is still responsible for 30%-44% of acute coronary thrombotic events and is more common in young sudden death or female patients (van der Wal et al. 1994; Farb et al. 1996; Rosenson and Lowe 1998; Virmani et al. 2001; Kolodgie et al. 2004) . It was reported that about 70% of thrombotic eroded plaque occurred in patients < 50 years of age and the incidence in women was twice that in men. Eroded plaque appears to be very common in cases of sudden coronary death, however, diagnosis of eroded plaques before the occurrence of acute events is difficult mainly due to technological limitations. With only few clinical studies in this area, mechanisms of eroded plaque with thrombosis are also poorly understood (Virmani et al. 2000; Hayashi et al. 2005) .
Endothelial denudation is a main characteristic of eroded plaque. Comparing to ruptured plaque, eroded plaque is not characterized by dissection, cleft in the fibrous cap, or lipid overflow under the thrombi. Only significant endothelial denudation at the plaque/thrombus interface was observed (Virmani et al. 2000) . A pathological study showed that there was greater accumulation of extracellular matrix proteins, such as versican, hyaluronan and CD44, at the plaque/thrombus interface in erosions, compared to ruptures and stable plaques (Kolodgie et al. 2002) , suggesting that these molecules exposed after endothelial denudation may be involved in acute thrombosis of eroded plaques. Therefore, we explored the potential mechanisms of endothelial denudation and then thrombosis in this study.
Theoretically, endothelial denudation can be caused by turbulent blood flow, vasospasm or increasing endothelial cell apoptosis (programmed cell death). Unfortunately, little experimental evidence is available to support these processes. An earlier study has demonstrated the elevated microparticles derived from apoptotic endothelial cells (ECs) in the circulating blood of the patients with ACS . Additionally, high levels of circulating apoptotic ECs were present in patients with myocardial infarction and angina (Hladovec et al. 1978; Mutin et al. 1999) . It has been also reported that endothelial apoptosis may directly affect blood thrombogenicity through the release of apoptotic microparticles into the bloodstream (Mallat and Tedgui 2001) . Bombeli et al. (1997) found that apoptotic ECs became procoagulant by increasing expression of phosphatidylserine and the loss of anticoagulant membrane components. Another study (Bombeli et al. 1999) showed that apoptosis of human umbilical vein endothelial cells (HUVEC) was induced by staurosporine or by serum starvation, and that there was a marked increase in platelet accumulation and binding independent of the method of apoptosis induction.
All these studies mentioned above suggest a relationship between endothelial apoptosis and endothelial denudation and thrombosis (Hladovec et al. 1978; Bombeli et al. 1997; Bombeli et al. 1999; Mutin et al. 1999; Mallat and Tedgui 2001) ; however, direct evidence to link these events is still lacking. Thus, the aim of the present research is to provide this evidence using a rabbit model of atherosclerosis.
Materials and Methods

Animals
Thirty-seven male New Zealand White rabbits (weight 1.5 ~ 2 kg) underwent balloon-induced abdominal aorta wall injury and were then fed a diet of 1% cholesterol for 3 months to establish atherosclerotic plaques, as previously described (Chen et al. 2004) . During the period, four died, in which two for excess anesthetic during the abdominal aorta operation, one for cerebral infarction and another for diarrhea. After 3 months, the survived 33 animals were randomized into three groups, and their plaque-rich abdominal aortae were randomly incubated with 5 × 10 -5 mol/L (high concentration group, n = 12) or 1 × 10 -5 mol/L (low concentration group, n = 12) staurosporine (Alexis, USA), or saline (control group, n = 9). The study protocol was shown in Fig. 1 . Animal welfare was approved by Qilu Hospital of Shandong University in compliance with the WHO International Guiding Principles for Animal Research.
Drug treatment of abdominal aorta
After three months of a high-cholesterol diet, we incised the abdomens of these rabbits and then examined abdominal aorta with high frequency vascular echocardiography, and chose a segment (2 cm long) with distinct plaques, and clamped it above and below the plaques with atraumatic vascular clips. Blood was withdrawn from the clamped segment with a 1ml needle, and approximately 300 μ L of staurosporine or saline was perfused with another needle. The region treated was marked with a suture nearby. After incubation for 20 min, the segment was washed with saline 3 times, and then the clips were removed to expose this segment to the circulating blood for 3 days.
Abdominal aorta angiography
Three days after incubation, abdominal aorta angiography was Fig. 1 . Study protocol performed blindly by two experienced interventional cardiologists to record a thrombotic score as followings: 0, no thrombus; 1, intraluminal haziness; 2, definite thrombus with its diameter or length < 0.5 times normal vessel diameter; 3, 0.5-2 times; 4, > 2 times (Gurbel et al. 1996) . Angiographic overt thrombosis was defined as having thrombotic scores of 3-4.
Measurement of serum lipid and high sensitive C-reactive protein (hs-CRP)
Abdominal aorta blood samples were taken by catheter during angiography. Serum levels of total cholesterol (TC), triglyceride (TG), low-density lipoprotein (LDL) and hs-CRP, which has been confirmed to be an inflammatory factor to accelerate coronary atherosclerosis (Ridker et al. 2005) , were detected by enzymatic and immune turbidity assays, as previously described (Chen et al. 2006 ).
Histopathology and immunohistochemistry
The processed arteries were fixed with 4% paraformaldehyde for 24 h, then were divided into 4 segments equally (500 μ m per segment) and embedded in OCT medium. Frozen segments were cut in serial sections (10 μ m thickness), and the occurrence of histological thrombosis was recorded during the procedure. For the arteries with angiographic thrombosis, only the thrombotic segments were cut continuously. For each segment, every 10 serial sections were set as a group, and so five groups could be obtained. Two sections of each group were stained with hematoxylin and eosin (H&E) to evaluate the structure of the plaques and Oil Red O (Sigma Chemical Co., Saint Louis, USA) to show lipid deposition in the plaques. Based upon the results of H&E and Oil Red O staining, the group with the most obvious thrombus was chosen in every segment with thrombi, and the group with the most obvious plaque was chosen in the one which had no thrombus. Another three sections in each chosen group underwent immunostaining and in situ detection of apoptotic cells with the followings: a mouse monoclonal anti-human α -smooth muscle cell actin antibody (Boster Biological Technology Co. Ltd., Wuhan, China) to show smooth muscle cells, a polyclonal anti-CD31 antibody (Boster Biological Technology Co. Ltd., Wuhan, China) to show ECs, and TUNEL kits (Boster Biological Technology Co. Ltd., Wuhan, China) to show endothelial apoptosis. During the process of α -smooth muscle cell actin and CD31 staining, a goat anti-mouse secondary antibody, horseradish peroxidase and diaminobenzidine were used after the development with first antibodies mentioned above, and then nuclear counterstaining was with hematoxylin. TUNEL staining was performed according to the protocol of the instruction of the kit. At last, all the remaining sections for every rabbit were stained with H&E and Oil Red O.
Evaluation of endothelium integrity and eroded plaque
Endothelium integrity or endothelial denudation was evaluated according to the chosen section stained with CD31 in each aorta, and a quantitative imaging analysis package was used to analyze the percentages of remaining ECs. All the sections stained with H&E, Oil Red O, and α -smooth muscle cell actin were detected to determine whether the lipid was connected with thrombi in the lumens, and whether the fibrous caps were complete and rich in smooth muscle cells.
Endothelial apoptosis score
A semiquantitative apoptosis score was estimated to evaluate the extent of endothelial cell apoptosis, as follows: 0, no or barely detectable staining; 1, weak positive staining; 2, moderate limited staining; and 3, strong diffuse staining. The areas without ECs (negative CD31 staining) were considered as apoptosis-induced endothelial denudation, so they were also counted as apoptosis.
Statistical analysis
All quantitative data were expressed as mean ± SD, absolute numbers or percentages. Fisher's exact test, unpaired Student's t test, one-way analysis of variance (ANOVA), Student Newman-Keuls (S-N-K) method and nonparametric Pearson correlation analysis were performed for corresponding data sets. Risk factors of thrombosis were evaluated using multiple logistic regression analysis. Differences were considered statistically significant at two-tailed P < 0.05. Table 1 shows the serum lipid and hs-CRP levels of abdominal aortas before angiography. There were no significant differences in terms of TC, TG, LDL-C and hs-CRP between the three groups.
Results
Serum lipid and hs-CRP levels
Angiographic thrombosis and histological thrombosis
Abdominal aorta angiography revealed that there were higher thrombotic scores in rabbits treated with staurosporine relative to controls (1.88 ± 1.33 in the rabbits treated with staurosporine, 2.33 ± 1.37 in the high concentration group, 1.42 ± 1.16 in the low concentration group vs. 0.11 ± 0.33 in the control group; P < 0.01, respectively); and the incidence of angiographic overt thrombosis was substantially higher in the rabbits treated with staurosporine (9/24, 37.5%) than that in the rabbits treated with saline (0/9, 0%) (Fig. 2) . During the cutting of frozen segments, histological thrombosis was observed in 18 (75.0%) of the rabbits treated with staurosporine, including 10 (83.3%) in the high concentration group and 8 (66.6%) in the low concentration group, but in only 1 (11.1%) of the controls treated with saline. As compared to the controls, all the rabbits treated with staurosporine and the high or low concentration groups had significantly higher occurrences of histological thrombosis (P < 0.01, P < 0.01, P = 0.02, respectively).
Oil Red O and α -smooth muscle cell actin staining H&E staining revealed that every vessel had obvious plaques; all the plaques were rich in spindle-shaped smooth muscle cells and foam cells; no foam cells were in the lumens (Fig. 3) . Oil Red O staining revealed that all the A, An atherosclerotic stenosis in saline controls (arrow). B, An atherosclerotic stenosis with thrombi in staurosporinetriggered aortas (arrow). plaques in each group contained abundant lipid under the fibrous caps, and the lipid was not associated with thrombi in the lumens for all the thrombogenic aortae (Fig. 4) . α -smooth muscle cell actin staining demonstrated that every specimen had apparent smooth muscle cell layers in media, and the fibrous caps richly contained smooth muscle cells (Fig. 5) . H&E, Oil Red O and α -smooth muscle cell actin staining suggested that there was no rupture in fibrous caps and no lipid overflowed under thrombi in all the plaques treated with staurosporine.
Endothelium integrity and apoptosis
CD31 staining showed that there were considerably integrated endothelial monolayers at the surfaces of the plaques in the control group (Fig. 6A) , but partial or large areas of endothelial monolayers denudation were observed in the two groups treated with staurosporine (Fig. 6B) . TUNEL staining showed that apoptotic ECs were rare in the controls (Fig. 6C) , while TUNEL positive staining (Fig. 6D ) and areas of negative CD31 staining (Fig. 6B) were detectable frequently at the plaque/thrombus interface in rabbits treated with staurosporine.
The percentages of remaining ECs in the high and low concentration groups were both remarkably lower than that in the control group (12.6 ± 2.8 in the rabbits treated with staurosporine, 10.1 ± 2.5 in the high concentration group and 14.2 ± 2.4 in the low concentration group vs. 90.7 ± 4.1 in controls; P < 0.01, respectively). The rabbits treated with staurosporine had significantly higher apoptosis scores compared to saline controls (1.92 ± 1.02 in the rabbits treated with staurosporine, 2.42 ± 0.79 in the high concentration group, 1.42 ± 1.00 in the low concentration group vs. 0.22 ± 0.44 in the control group; P < 0.01, respectively).
Correlation analyses of various factors and risk factors of thrombosis
Using nonparametric Pearson correlation analysis, we showed significant association between apoptosis score and thrombotic score (r = 0.88, P < 0.001). On the other hand, the endothelial integrity was reversely correlated with apoptosis score (r = −0.91, P < 0.001). Using One-way ANOVA model, we have further confirmed that the increased apoptosis score was linearly associated with the increased thrombotic score (F = 103.49, P < 0.0001) (Fig. 7) .
By including the variables of serum lipid and hs-CRP, staurosporine concentration, endothelial apoptosis and endothelial denudation in the multiple logistic regression analysis model, we found that endothelial apoptosis was an independent risk factor for histological thrombosis and angiographic overt thrombosis (OR = 13.75, 95% CI, 2.13 ~ 94.26, P < 0.01; OR = 40.25, 95% CI, 2.59 ~ 660.74, P < 0.01).
Discussion
Culprit coronary atherosclerotic lesions, which are responsible for ischemic coronary disease, are usually classified into ruptured plaque, eroded plaque, or calcific nodule (Naghavi et al. 2003a; Naghavi et al. 2003b) . A study of morphological classification of atherosclerotic lesions showed that plaques histologically resembling erosion were found proximal to the ruptured site in some culprit lesions, which indicates that the identification of eroded plaques can be complicated and confusing (Virmani et al. 2000) . Aside from the absence of rupture in the fibrous cap, other main characteristics of eroded plaque are as follows: (1) endothelial denudation at the plaque/thrombus interface; (2) deep lipid pools which don't communicate with the luminal thrombus; and (3) an abundance of smooth muscle cells and proteoglycans in plaques (Virmani et al. 2000; Naghavi et al. 2003a; Naghavi et al. 2003b ). Thus, a careful assessment of the plaque with the characteristics mentioned above should be first performed before any further investigations about eroded plaque. In our study, we have identified whether the rupture of caps and lipid overflow happened by serial sections and staining, and then we have shown that endothelial apoptosis is indeed involved in the formation of thrombotic eroded atherosclerotic plaques.
Staurosporine, an inhibitor of protein kinase C, blocks cell metabolism, thereby inducing apoptosis. EC apoptosis triggered by staurosporine incubation or serum starvation showed similar outcomes in relation to the severity and pattern of apoptosis (Bombeli et al. 1999) . Accordingly, staurosporine was chosen as the drug for establishing the eroded plaque model in our research. In this study, we detected characteristics of staurosporine-induced plaques with serial sections and Oil Red O, α -smooth muscle cell actin and CD31 staining. No fibrous cap rupture and lipid overflow into lumens were detected in all sections, and obvious endothelial denudation at the plaque/thrombus interface was observed frequently in these sections. Additionally, there Fig. 7 . Correlation between thrombosis and endothelial apoptosis.
The increased apoptosis score was linearly associated with the increased thrombotic score (F = 103.49, P < 0.0001).
was abundant positive α -smooth muscle cell actin staining in these thick non-calcified fibrous caps. These characteristics are all similar to those of human eroded plaques. As far as we are aware, this is one of a few eroded plaque models available published so far (Naghavi et al. 2003a; Naghavi et al. 2003b; Hayashi et al. 2005) . Endothelial denudation is a critical feature of eroded plaques. Endothelial injury and recovery occurs throughout the initiation and maintenance of atherosclerotic vessel development. Nevertheless, there are no large areas of spontaneous endothelial denudation, even in advanced human atherosclerotic plaques (Davies et al. 1988) . Therefore, endothelial cell denudation at the interface of eroded-plaque/thrombus is a pathologic, not physiologic event, and the investigation about this must contribute to the realization of eroded plaque. Some studies suggest there is increasing endothelial apoptosis in the patients with ischemic coronary disease (Hladovec et al. 1978; Mutin et al. 1999; Mallat et al. 2000) . Furthermore, previous studies have suggested that endothelial apoptosis could contribute directly to thrombogenesis (Bombeli et al. 1997; Bombeli et al. 1999; Mallat and Tedgui 2001) . However, up to now, direct evidence in appropriate eroded atherosclerotic plaque model has not been shown for the relationship between endothelial apoptosis and significant endothelial denudation or thrombogenesis.
In our study, we found that there were less remaining ECs, higher thrombotic scores, more histological thrombosis and angiographic overt thrombosis in the erosion-similar plaques treated with staurosporine relative to atherosclerotic controls treated with saline. And the endothelial apoptosis score in the staurosporine-induced plaques was also higher than that in the controls. These findings indicate that apoptotic ECs may induce endothelial denudation and thrombosis in eroded plaques.
An early study with a small sample showed that half of the eroded plaque samples contained significant inflammatory infiltration, while the other half contained mild infiltration (van der Wal et al. 1994) . However, in other larger sample studies, mild inflammatory cell infiltration in eroded plaques was observed (Arbustini et al. 1999; Virmani et al. 2000; Virmani et al. 2001) . Additionally, the lipid hypothesis has also been accepted widely with respect to the occurrence and development of atherosclerosis (Rosenson and Lowe 1998) . Nevertheless, in our study, there were no significant differences in serum hs-CRP, TC, TG and LDL-C between different groups, while there was a significant correlation between EC apoptosis and thrombosis, which highlights the independent role of apoptotic ECs in eroded plaques with thrombosis.
Our study further showed that there was a reverse relationship between endothelial apoptosis and endothelium integrity and a positive relation between endothelial apoptosis and thrombosis, and the increased apoptosis score was linearly associated with the increased thrombotic score. Furthermore, logistic multiple analysis demonstrated that endothelial cell apoptosis was an independent risk factor for histological thrombosis and angiographic overt thrombosis in eroded plaques, which excluded the potential effects of staurosporine toxicity, lipids, inflammation and plaque matrix exposed after endothelial denudation. Therefore, all these results in our study strengthen the significance of endothelial cell apoptosis in thrombotic eroded plaque. Further studies are needed to establish the causal relationship between endothelial apoptosis and thrombotic eroded plaque.
Although our study suggests that endothelial cell apoptosis could induce thrombotic eroded plaque, factors that aggravate and accelerate apoptosis in patients with thrombotic eroded plaque are still unknown. Some studies suggest that patients who die of eroded plaque are often smokers . Recently, a study showed that polycyclic aromatic hydrocarbons found in cigarettes could induce human coronary artery endothelial cell apoptosis (Tithof et al. 2002) . In addition, despite the lack of evidence that turbulent blood flow directly induces endothelial denudation, an in vivo study suggested that there was a systemic preferential occurrence of apoptosis in the downstream parts of plaques, where low flow and low shear stress prevail (Tricot et al. 2000) . Unfortunately, the predilection site of eroded plaques in humans has not been well elucidated until now. It has been also reported that hypoxia, oxLDL, homocysteine, oxygen-derived free radicals and some cytokines in blood can induce endothelial cell apoptosis (Isner et al. 1995; Konno et al. 1999; Mercie et al. 2000; Lee et al. 2005) . Some researchers also demonstrated that apoptosis-induced genes like Bax, Fas and p53 were upregulated in atherosclerotic plaques (Kockx 1998) . All factors mentioned above might play a role in endothelial denudation and thrombosis of eroded plaque by promoting endothelial cell apoptosis. However, further studies are needed to elucidate specific factors essential to thrombotic eroded plaque so that more strategies could be found to prevent sudden coronary death.
In conclusion, we established a rabbit model of eroded plaques using the staurosporine-induction approach and investigated the underlying role of endothelial apoptosis in eroded plaques. Our study suggests that endothelial apoptosis contributes to the formation of thrombotic eroded plaque. All the work would be beneficial to the understanding and further researches about culprit lesions without rupture of patients with sudden coronary death or other acute coronary events.
